Temporal variations in Fe isotope compositions at three locations in the Pacific Ocean over the last 10 Ma are inferred from high-resolution analyses of three hydrogenetic ferromanganese crusts. Iron pathways to the central deep Pacific Ocean appear to have remained constant over the past 10 Ma, reflected by a remarkably constant Fe isotope composition, despite large changes in the Fe delivery rates to the surface ocean via dust. These results suggest that the Fe cycle in the deep ocean is decoupled from that in surface waters. By contrast, one ferromanganese crust from the Izu-Bonin (IB) back-arc/marginal basin of the W. Pacific exhibits large δ 56 Fe variations. In that crust, decreases in δ 56
Introduction
Over the past 15 years there has been increasing interest in the cycling of dissolved Fe in the world's oceans and, in particular, the role that Fe availability plays Chu et al., EPSL 5 in controlling phytoplankton growth across large areas of the world's surface ocean.
This link is significant because phytoplankton productivity is directly tied to the draw down of atmospheric CO 2 , and therefore can influence global climate cycles [1, 2] .
Much attention has been paid to deciphering Fe sources in the ocean and, in particular, the relative contribution of atmospheric input vs continental weathering [3] . Fewer studies, by contrast, have focused on the cycling of dissolved Fe in the deep ocean [4] [5] [6] , even though upwelling from deep waters may represent an important source of dissolved Fe in surface waters [7, 8] . Because the residence time of Fe in seawater is very short (70-140 years) [9] , it is difficult to identify Fe cycling pathways based on Fe concentrations alone. However, iron isotopes fractionate via various processes and therefore hold great promise for tracing the marine biogeochemical cycle of this important micronutrient [10] .
One approach to using Fe isotopes to trace Fe cycling in marine environments is the investigation of the temporal variability of Fe isotope composition in the oceans, as recorded in hydrogenetic ferromanganese crusts, on a time scale of millions of years. To date, only one marine Fe isotope time-series is available from the NW Atlantic Ocean [11] (Fig. 1) , which shows close correlations between Fe and Pb isotope compositions, particularly over the past 1 Ma. However, Levasseur et al. [12] have recently re-analysed the 3 top-most layers from the same crust and failed to find any δ 56 Fe values > -0.4‰, contrary to the prior analysis by Zhu et al. [11] , although the Pb isotope compositions in both studies agreed. The origin of this discrepancy remains unknown, and further studies of temporal Fe isotope variations in the North Atlantic Ocean are needed.
A single Fe isotope record is insufficient to constrain the temporal variability in Fe isotope variations in the oceans because the short residence time of dissolved Fe Chu et al., EPSL 6 suggests that significant inter-and even intra-basin differences in Fe isotope compositions most probably exist [9, 13] . Significant Fe isotope heterogeneity has been confirmed recently in a study that identified a broad Fe isotope variability in surface layers of ferromanganese crusts from the whole world ocean [12] . To assess both temporal and geographic variability in the Fe isotope record, we selected three ferromanganese crusts from two areas of the Pacific Ocean (Central Pacific and Izu-Bonin back arc basin) and report temporal records for the isotopic composition of dissolved Fe extending back over the past 5-10 Ma.
Material and analyt ical methods
We have studied three ferromanganese crusts: one from the deep Central (Fig. 1 ) [14] . All three crusts had grown on basaltic substrates. No secondary alteration features such as carbonate fluorapatite or other evidence of phosphatisation events [15] were observed in the samples.
The growth rates of each sample were determined by the 10 Be/ 9 Be method.
For sample 28DSR9 and D97-1, 10 Be concentrations were measured at the AMS facility of the Paul Scherrer Institute and the ETH, Zürich, Switzerland following standard chemical preparation methods [16] . The 10 Be concentrations were normalised to internal standard S555 with a nominal 10 Be/ Lead isotope and elemental compositions were measured on selected samples from each ferromanganese crust. Lead was extracted using ion-exchange chromatography [18] , followed by isotopic analysis by MC-ICP-MS (IsoProbe, GV Instruments) at NOC, where instrumental mass bias was corrected using Tl that was added to the solutions [19] . Elemental abundances were determined by ICP-AES (Optima 2000DV, Elmer-Perkin). The elemental concentrations were determined following 6M HCl leaching of around 0.02 g dry milled powders, which is an order of magnitude larger than those for Fe chemistry. In addition, elemental compositions for D97-1 were also measured at a higher spatial resolution (~100 µm) by Electron
Probe Micro-analysis (EPMA) (SX50, Cameca) at Ifremer, France. In addition to providing a higher spatial resolution for chemical compositions, comparison of compositions determined by ICP-AES and EMPA provide an assessment of any bias produced by partial dissolution. Polished sections were made on the counterpart of the sample that was micro drilled, where available. Analyses were obtained using oxide standards at an accelerating voltage of 15 kV with a sample current of 12 nA.
Results
We discuss first the age model determined by 10 Be/ 9 Be ratios, followed by a presentation of Fe isotope and elemental variations and, finally, Pb isotope compositions.
Age models

10
Be and 9 Be concentrations, 10 Be/ three crusts are shown in Figure 2 (data given in Suppl. Fe value is lower than that of the Central Pacific crust. In contrast, the isotopic variations for crust D97-1 (Fig. 3 , solid triangles, Suppl. Fe as low as -0.9).
Chemical compositions
All analysed layers of the three crusts fall within the hydrogenetic category defined by a conventional ternary plot, using end members of Fe-Mn-10*(Ni+Cu) [20, 21] (Supplementary Fig. 1 ). All three crusts display light REE enriched profiles and a positive Ce anomaly ( Supplementary Fig 2) (Fig. 4) . With the exception of the two topmost layers, two periods of continuously lowered δ Pb=18.54 to 18.59). As observed by Levasseur et al. [12] for crust surfaces, there is not a strong correlation between Pb isotope compositions and δ
56
Fe values for the ferromanganese crusts of this study (Fig. 7 ).
Discussion
As first highlighted by Johnson et al.
[27] and Beard et al. [13] , as well as in later studies [28] , the short residence time for Fe in the modern ocean results in Fe isotope provinciality among the oceans basins, possibly on a local scale. Our results provide insights into the temporal Fe isotope variations at two different Pacific locations, which is complementary to the global Fe isotope survey of surface layers from ferromanganese crusts presented by Levasseur et al. [12] . Interpretation of the origin of the Fe isotope variations measured in this study requires understanding of the possible pathways and sources for dissolved Fe that was sequestered, eventually, into ferromanganese crusts. Possible Fe isotope fractionation during crust formation is considered first below, followed by discussion of the various sources of Fe to the deep ocean and how they may be recorded in ferromanganese crusts.
Is there Fe isotope fractionation during ferromanganese crust growth?
The FeCRUST value is given by:
Fe SW .
Considering an element such as Fe, which has a short residence time (i.e., higher distribution coefficient D in this calculation), the δ
56
Fe value for the ferromanganese crust would rapidly shift toward the Fe isotope composition of the influx from the overlying water column, because Fe in the local seawater reservoir entirely accommodates any isotopic fractionation between seawater and crust ( Fig.   8b ). In contrast, if Fe had a long residence time in the ocean, a significant flux through the local seawater reservoir would be required before the ferromanganese crust reaches the Fe isotope composition of the influx (Fig. 8b) Fe values for the Central Pacific crust, but this is clearly not the case (Fig. 9 ).
Dust input to the deep Pacific Ocean Fe budget over past 10 Ma
The uniformly low Si and Al contents (<1 wt. %) in the crust 28DSR9 samples used for Fe isotope analysis indicates that bulk dust components did not contribute to the Fe values near zero [13] .
Other continental sources of Fe
Hydrothermal sources for Fe
The correlations between increasingly negative δ Hydrothermal fluids are enriched in Fe and Mn, with concentrations six-fold higher than ambient seawater [52] , although long-range transport of Fe is thought to be small from hydrothermal vents due to rapid oxidation and precipitation relative to Mn [53] [54] [55] [56] [57] [58] . Mn enrichments in ferromanganese crusts have been previously interpreted to reflect pulses of increased hydrothermal input [59] , and the strong negative Fe value so far measured from modern mid-ocean ridge (MOR) hydrothermal vents [13, 53, 63] , although that dataset is limited and does not include low-temperature diffusive-flow discharge. Levasseur et al. [12] measured a very low δ
56
Fe value (-1.22 ‰) for a hydrothermal deposit on the Galapagos ridge, raising the possibility that MOR venting may produce a wider range of Fe isotope compositions that has yet to be directly measured. Severmann et al. [63] showed that the δ we interpret to reflect hydrothermally-sourced Fe are reasonable within the range expected to be produced during near-vent precipitation or those measured for hydrothermal deposits.
Conclusions
Our results from the Pacific Ocean give the first direct evidence that temporal
Fe isotope variations may be distinct on a basin scale, even at distances of less than 100 km. These results confirm the high degree of provinciality that is expected for
Fe isotope variations in the modern oceans, reflecting the very short residence time of Be versus depth for crusts 28DSR9, D105-5AB, and D97-1.
Ages have been calculated using a half-life of 1.5 Myr for 10 Be, and assuming that the 10 Be/ 9 Be ratio has been constant at the growth surfaces of the crusts. Growth rates (mm/Ma) were determined by the best fit regression slopes for the marked line segments. Variations among Pb and Fe isotope compositions for the three crusts of this study.
Because Fe isotope compositions were determined on different layers as those 
